We investigated the dynamics of organic matter and type of detritus in a riparian zone of the Atlantic Rain Forest domain, and specifically determined the inputs and stock of detritus contributed by plant species, and their relationship to temperature and precipitation. Our hypotheses tested were: (1) the species composition of riparian vegetation influences the amount and type of detritus delivered to a stream in an Atlantic Rain Forest, and (2) the dynamics of litterfall in the riparian zone is influenced by climate factors. The plant community was formed principally by pioneer and early successional species such as Apuleia leiocarpa, Erytrina velutina, Erytrina verna, Eucalyptus torelliana, Ficus glabra, Ficus insipida, Guarea guidonea, Guarea guidonia, Maprounea guianensis and Psidium guajava. There was a large number of G. guidonea (318 individuals/ha), followed by Cupania oblongifolia (91), Trichilia pallida (52), Piptadenia gonoacantha (26) and E. torelliana (14). G. guidonea contributed >50% of the total litterfall; however, some species which were present in high density in the plant community and did not yield significant biomass, indicating that detritus production was based on the contribution of a few species. We found 697, 856 and 804 g/m 2 /year from vertical, terrestrial, and lateral inputs, respectively, whereas to the annual benthic standing stock was 3257 g/m 2 . Detritus was formed by leaves (60%), branches (32%), reproductive parts (3%), and unidentifiable fragments of organic-matter (5%). Inputs and benthic stock were markedly seasonal, with an increase of leaf litter during the dry season. Our results indicate that litterfall dynamics is basically composed of a few species that contribute with higher values of biomass. Moreover, ecological characteristics together with environmental factors can be viewed as the principal factors determining the energy balance of riparian ecosystems. The biological implications of the dynamics of organic matter have high importance for the maintenance and restoration of riparian zones. However, the amount of litterfall required to maintain the balance of the riparian community remains unclear in the tropical zone. Jr.). important longitudinal and transversal corridors for exchange of material and dispersal of biota (Naiman et al., 2005) . Several studies have demonstrated the significance of riparian zones for stream organic-matter budgets, solute balance, and the structure of benthic invertebrate assemblages (Wantzen and Junk, 2000; McClain and Elsenbeer, 2001; Wantzen et al., 2008) .
Introduction
Riparian forests along the banks of waterbodies provide important environmental services including control of nutrient input, maintenance of water quality, reduction of erosion, temperature control, maintaining the integrity of the watershed, and maintaining the stability of biological communities under their influence (Karr and Schlosser, 1978; Lima, 1989) . These forests constitute the interface between terrestrial and aquatic ecosystems, and as transition areas affect the composition of plant species, particularly through the soil properties and moisture gradient (Wantzen and Junk, 2000; Wantzen et al., 2008) . Riparian forests serve as production; and allochthonous terrestrial material originating from riverbanks (Naiman et al., 2005) . The presence of riparian forests along waterbodies controls the supply of energy to aquatic ecosystems (Nakano and Murakami, 2001; Wantzen et al., 2008) . In forested streams primary productivity is low because of shading by canopy vegetation, and the ecosystem uses allochthonous organic matter in the food web, so that heterotrophic processes prevail over autotrophic (Hill et al., 1995) . Thus, allochthonous organic matter-MO (formed by coarse particulate organic matter -CPOM; fine particulate organic matter -FPOM, and dissolved organic matter -DOM) is the main source of energy for the aquatic communities of these ecosystems (Gregory et al., 1992; Esteves and Gonç alves, 2011) .
This allochthonous organic matter (basically formed by CPOM) is composed of litterfall, mainly leaves and secondarily twigs and reproductive parts, regardless of vegetation type or geographic area (Benfield, 1997; Abelho, 2001) . The amount of litterfall depends on the riparian species (composition, phenology and abundance), and the environmental conditions (temperature, precipitation, humidity, and wind) (Hernandez et al., 1992; Alencar, 1994) . The organic-matter dynamics can be considered as the inputs to stream and soil in the riparian zone . Horizontal input is the organic matter carried from the soil to the stream, and the benthic stock is the remaining part retained in the streambed (Benfield, 1997) . For instance, studies have recommended that planting buffer zones of native trees reduces the degradation of streamside habitat (Wantzen et al., 2008) and because of the large number of native flora and fauna species that they support, studies have proposed that riparian zones be treated as 'keystone habitats' for conservation (Dudgeon, 2000; Wantzen et al., 2008) .
Many studies have examined the relationship between riparian zones and streams in temperate regions (e.g., Wallace et al., 1997; Pozo et al., 1997; Molinero and Pozo, 2004) . However, little information is available on the relationship between organic-matter dynamics, plant communities and environmental variables in tropical riparian ecosystems (Afonso et al., 2000; Gonç alves et al., 2006; Wantzen et al., 2008; Franç a et al., 2009) . Most tropical forests have been converted into secondary growth by human activities (e.g., agriculture, uncontrolled occupation, and silviculture), supplying a wealth of plant species and leading to changes in riparian community structure and energy input by litterfall. In this study we investigated the dynamics of organic matter and type of detritus in a riparian zone undergoing a process of ecological regeneration of the Atlantic Rain Forest domain, and specifically determined the inputs and stocking by plant species and their relationship to temperature and precipitation. This study was based on the premise that the dynamics of allochthonous organic matter in streams is mainly associated with environmental factors (e.g., availability of water and light) and phenology aspects. Our hypotheses tested were: (1) the species composition of riparian vegetation influences the amount and type of detritus delivered to a stream in the Atlantic Rain Forest, and (2) the dynamics of litterfall in the riparian zone is influenced by climate factors.
Materials and methods

Study area
The present study was conducted from December 2006 to November 2007, through monthly samples taken in the riparian zone of a stretch of the second-order Zé Adão stream (19 • 34 28 S, 42 • 37 50 W; elevation 440 m). During the 12 sampling sessions, we measured the stream channel (∼2 m), water temperature (annual mean 20.2 ± 1.1 • C SD), pH (7.0 ± 0.2), dissolved oxygen (8.0 ± 0.4 mg/L), and electrical conductivity (77.8 ± 7.7 S/cm). The stream is poor in nutrients, with total nitrogen 0.07 mg/L and total phosphorus 0.018 mg/L, measured monthly during the period of the experiment. The site is a 989-ha fragment of successional Atlantic Forest, previously occupied by eucalyptus plantations of Aperam Inox South America S/A, and is currently in the process of ecological regeneration and has been recovering for 30 years. The site is part of the Doce River watershed complex, an 83,400 km 2 drainage basin in eastern Brazil, which forms an ecological corridor for the Parque Estadual do Rio Doce, the largest continuous expanse of Atlantic Forest in the state of Minas Gerais, with 36,974 ha. The climate is humid tropical with a defined dry season from April to October (Köppen Aw). The highest rainfall periods occurred in December (482.2 mm) and January (278.8 mm) and the lowest in July (2.6 mm) and August (1.2 mm). The annual mean wind speed is 1.25 m/s, mean air temperature 23.2 • C and mean relative humidity 68%. The climate parameters were obtained from the weather station of the Environmental Education Center of Aperam Inox South America S/A, located 5 km from the study site.
Plant community
A floristic survey was carried out monthly from October 2007 through August 2008, using the plot method (Mueller-Dombois and Ellenberg, 1974) . We allocated 50 plots of 10 m × 20 m, with 25 plots on the right bank and 25 on the left bank along the stream, totaling 1 ha. All tree species with a circumference at chest height (CCH) equal to or greater than 15.0 cm were sampled. Two of the plots were established in the same area where we collected the input samples, where we could identify the individual plants that contributed allochthonous organic matter. Voucher specimens were deposited in the herbarium of the Botany Department of the Universidade Federal de Viç osa (Vic) and the herbarium of the Centro Universitário do Leste de Minas Gerais (HUNL/Unileste). The species list was compiled following the Angiosperm Phylogeny Group II (APG II 2003).
The terrestrial input (TI) of organic matter that falls directly on the soil surface of the riparian zone was quantified by the use of six nets (n = 6; total area = 6 m 2 ; 5 mm mesh). The vertical input (VI) that enters directly into the stream was evaluated by means of 20 buckets (n = 20; total area = 1.06 m 2 ) placed 2 m above the water surface. The buckets were arranged in four rows of five buckets each, spaced along a nylon rope attached to the streambank, with an approximate distance between each row of 12.5 m. The base of each bucket was completely drilled to prevent water from accumulating. The lateral input (LI) that passes laterally from the soil to the stream was assessed by means of ten nets (n = 10; area total = 2.5 m 2 ; 5-mm mesh), five on each streambank, to estimate the potential biomass that can be carried by rain or wind to the streambed. The stock of benthic litterfall (SB) was estimated by means of a Surber sampler (n = 5; total area = 0.45 m 2 ) deployed randomly in a 50-m stretch of the stream. The litter accumulated in traps (buckets and nets) was removed monthly and stored in plastic bags. The samples were washed on a 1-mm sieve to separate the coarse particulate organic-matter fraction, and then sorted into leaves, twigs, reproductive parts and miscellaneous (unidentifiable fragments of organic matter), and dried in an oven at 60 • C for 72 h before weighing.
Data analysis
To evaluate the diversity of the plant community, the Shannon-Weaver diversity index was estimated for the study area. To analyze the overall effects of variation in different types (leaves, reproductive parts, branches and miscellaneous) of plant detritus (dependent variable), sampling times (continuous variable) and interaction between the two factors in the compartment (vertical, The MANOVA can be used in cases where multiple dependent variables that remain interdependent are analyzed. To detect specific differences among the compartments, pair-contrast analyses were done. For the MANOVA, a sequential post hoc Bonferroni correction was used for multiple comparison/adjustment (Zar, 1996) . To determine whether there were differences between the compartments (vertical, lateral, and terrestrial inputs) and the relationship with plant species composition an ANOSIM analysis was carried out as proposed by Clarke (1993) , using the Bray-Curtis index with Bonferroni correction (function anosim, package vegan for R).
To test the differences among the sources of litter input (categorical variable) and time (continuous variable) and interaction between the two factors to assess differences in the biomass of plant-detritus types (leaves, reproductive parts, branches and miscellaneous) (dependent variable), a two-way ANOVA was performed. To test the differences over time (dependent variable) of the sources of litter input and the stock (categorical variable), a oneway ANOVA was performed (function anova, package stats for R). The degree of association between two variables was determined using Linear Regression (function lm, package stats for R). In the linear regression, terrestrial, vertical, and lateral inputs and benthic standing stocks were tested against wind speed, precipitation and relative humidity (Zar, 1996) .
To assess the importance of species in each source, we used the Indicator Species Analysis proposed by Dufrêne and Legendre (1997) , which produces a display value ranging from 0 (no indication) to 100 (perfect indicator), using the frequency and leaf biomass of the previously defined species groups (function indval, package labdsv for R). Indicator values (IV) > 9 were considered. The significance was tested using the Monte Carlo test with 10,000 permutations. We report means ± SE throughout and consider P < 0.05 as significant. Data normality was tested according to Kolmogorov-Smirnov, and the data were transformed whenever necessary with the neperian logarithm (ln). The Tukey test (function ptukey, package stats for R), was used to discriminate among the categorical variables (Zar, 1996) . All analyses were carried out in the R-Program version 2.12.1 (R Development Core Team, 2008) .
Results
Plant community
The floristic survey resulted in the identification of 84 species. The families with the highest numbers of species were Fabaceae (22 species), Euphorbiaceae (6), Lauraceae (6), Myrtaceae (5) (14). Together, Guarea guidonia, C. oblongifolia and T. pallida comprised >50% of the individuals sampled. The Shannon-Weaver diversity index was 3.05, with an estimated evenness of 0.69.
Inputs and stock dynamics
The litterfall was comprised leaves (60%), branches (32%), reproductive parts (3%) and miscellaneous (5%). The statistical results (MANOVA) showed that the composition and proportion of the litter were different among compartments, time, and there was interaction between compartments and time ( Table 1) . The ANOSIM (R = 0.21, P = 0.88) testing the difference between the compartments (vertical, lateral, and terrestrial inputs) in relation to contributions of plant-species composition of the litter (using only leaves) showed no significant differences.
The total quantity of litter was 697, 856 and 804 g/m 2 /year for vertical (VI), lateral (LI), and terrestrial (TI) inputs, respectively, whereas the annual benthic standing stock (BS) was 3257 g/m 2 (Fig. 1 ). Total biomass, leaves, reproductive parts, branches and miscellaneous between the compartments, the terrestrial, vertical, and lateral inputs of organic matter varied significantly over the study period with interaction between them (Table 2) . For all significantly different compartments, the TI differed from LI, but VI was equal to TI and LI (Tukey test < 0.05). All showed variation over time, with the highest values of biomass in August, September, October, and February (Tukey test < 0.05). Detritus vertical input was highest (ANOVA, F (10, 209) = 20.09, P < 0.001) in September (105 g/m 2 ) and October (125 g/m 2 ) (Tukey test < 0.05). Lateral movement of organic matter was highest (ANOVA, F (11, 57) = 5.84, P < 0.001) in September (134 g/m 2 ) and October (135 g/m 2 ) and lowest in April and June (25 and 26 g/m 2 , respectively; Tukey test < 0.05). We observed the highest values in terrestrial input (ANOVA, F (11, 108) = 4.58, P < 0.001) of litterfall in August (103 g/m 2 ), September (117 g/m 2 ) and October (125 g/m 2 ) (Tukey test < 0.05). The benthic standing stock remained constant during the study period (ANOVA, F (11, 48) = 5.69, P < 0.001), except for a peak in October (1263 g/m 2 ; Tukey test < 0.05; Fig. 2 ).
The vertical (Linear Regression, r = 0.62, P < 0.01), terrestrial (Linear Regression, r = 0.8, P < 0.01) and lateral inputs (Linear Regression, r = 0.66, P < 0.01) showed a positive relationship with wind speed. These inputs were negatively related to precipitation (Linear Regression; VI/r = −0.14, P < 0.01; TI/r = −0.61, P < 0.01; LI/r = −0.021, P < 0.01) and relative humidity (Linear Regression, VI/P = −0.5, P < 0.01; TI/r = −0.15, P < 0.01; LI/r = −0.76, P < 0.01).
Fifty-four of the 84 species surveyed contributed to the dynamics of detritus in the riparian zone. Vertical input was dominated >70% by G. guidonea, Ficus glabra and Erytrina verna. Terrestrial input was dominated >60% by G. guidonea, F. glabra and Ficus insipida. Lateral input was dominated >75% by G. guidonea, E. verna and F. glabra. Benthic standing stock was dominated >90% by G. guidonea, F. insipida and F. glabra (Table 2) .
The species that were selected by analyzing the indicator species for the vertical input were G. guidonea, F. glabra, E. verna, Apuleia leiocarpa, Albizia polycephala, Machaerium nyctitans, S. leucanthum, Alchornea glandulosa, Andira fraxinifolia and Sapium glandulatum. For the terrestrial input, the species selected were G. guidonia, A. leiocarpa, Tabernemontana cestroides, Solanum sp., Lecythis lurida, Andira fraxinifolia, Bauhinia forficata and Manihot sp. The species selected for the lateral input were: G. guidonia, A. leiocarpa, Solanum sp., D. nigra, M. nyctitans and Tabebuia sp. For the benthic standing stocks, six species were selected: G. guidonia, F. insipida, F. glabra, A. leiocarpa, E. torelliana and Euphorbiaceae 1 (Tables 3 and 4 ).
Discussion
Plant community
In preserved tropical forests, the vegetation Shannon diversity index ranges between 3 and 4 (Meira Neto and Martins, 2000) . The high proportion of pioneer and early successional forest species such as E. verna, F. glabra, G. guidonea, Lacistema pubescens and Psidium guajava, together with the diversity index found in our study suggest that this fragment is still undergoing the initial phases of ecological succession. One of the main obstacles to forest recovery in Brazil is the small number of tree species used in reforestation projects and plantings. On average, 30 species/ha are used, whereas the suggested number of plant species is around 100-120 species/ha (Rodrigues and Nave, 2000) .
In a careful review, Wantzen et al. (2008) noted that plant biodiversity of riparian zones in the Neotropics is very high. Felfili (1995) recorded 93 tree species from 64 ha of gallery forests in Brazilian Cerrado, Budke et al. (2004) identified 57 species from 1 ha of riverine forest in subtropical southern Brazil, and Araújo et al. (2002) recorded 136-361 species from riparian vereda wetland in Minas Gerais, Brazil. Although the studies cited by Wantzen et al. (2008) were conducted mainly in savanna, our study was conducted in an area of regeneration, where we found a large number of plant species (83 in 1 ha). This can be explained by the ecotone nature of riparian zones, which may support much higher biodiversity than in permanent aquatic habitats or purely terrestrial habitats (Wantzen and Junk, 2000; Wantzen et al., 2008) .
However, according to Brower et al. (1998) , the recovered equitability found in this study indicates the need to increase the number of species by approximately 30% in order to achieve the maximum diversity of plant communities. The low floristic similarity of the stretch of forest studied here, compared to others with similar characteristics, can be explained by the history of recent occupation of this area (Fujisaka et al., 1998) . The edge effect and the massive presence of Eucalyptus tolleriana can affect the development and establishment of native species. In contrast, the density of P. gonoacantha, a pioneer species, is important in natural regeneration, although it did not contribute detritus. The composition of riparian vegetation, particularly the families Fabaceae, Euphorbiaceae, Lauraceae, Meliaceae, Myrtaceae and Moraceae, is similar in proportion to communities in other tropical forests (Franç a et al., (Vaccaro, 2002) . The enormous reproductive capacity of G. guidonia (Sorreano, 2002) and its consequent high abundance could have negative consequences for the plant community, such as reducing the variety and quality of litterfall available to litter-decomposer biota. Other researchers (Pagano and Durigan, 2000; Aidar and Joli, 2003) also found dominance of particular Atlantic Rain Forest species. Williams-Linera and Tolome (1996) found that litterfall production by individual species was related to basal area and therefore to the dominance of tree species in the forest, with a mixture of tropical and temperate floristic elements. In contrast, we observed that litterfall was not influenced by some of the dominant species in the riparian zone (e.g., C. oblongifolia, T. pallida, P. gonoacantha, E. torelliana), which did not contribute a high biomass to the litterfall.
Dynamics of the litterfall
Few studies have explored the importance of leaf-litter species composition for the dynamics of organic matter in tropical streams (Franç a et al., 2009) . In this study, the litterfall was composed mainly of leaves, which indicates their importance as a major source of replacement energy and nutrient cycling in the riparian ecosystem (Wantzen et al., 2008; Franç a et al., 2009 ). The proportional composition of the litter, primarily leaves with a smaller contribution of reproductive parts, did not change. However, the amount of leaf litter varied, peaking mainly during September and October, in the late dry season (Swan and Palmer, 2004) . The plant species composition of the different litter compartments remained similar, showing that they contributed equally to the litter input (Wantzen et al., 2008) .
Most studies conducted in tropical forests have found a similar pattern, where the peak litterfall occurs predominantly in the dry season (Morellato et al., 2000) . As observed in other studies, the periodicity of litterfall can be influenced by many environmental factors, especially water stress coupled with strong gusty winds that occurred at the end of this period (Luizao, 1989; Villela and Proctor, 1999; Morellato et al., 2000; Hatfield et al., 2001) . Sporadic weather events can affect the production of detritus, causing branches and non-senescent leaves to drop (Xiong and Nilsson, 1997) . The peak of fallen branches that occurred during the rainy season may have been influenced by rainstorms (Poggiani and Monteiro Junior, 1990) . Differences in litterfall production between second-growth forests in the same basin may be related to different degrees of disturbance and the ecological succession process of each vegetation type (Werneck et al., 2001) .
We found that litterfall amounts were higher than in wellpreserved riparian areas of forest (Franç a et al., 2009; Chave et al., 2010) . This suggests that the composition of plant species influences both the dynamics of litterfall and the degree of preservation of tropical forests, suggesting that the litterfall can be used as a forest bioindicator (Machado et al., 2008) . In addition to its ecological significance, high rates of litterfall during the succession process can be important for the energy budget and energy retention in riparian forests, through the incorporation of carbon (Silva et al., 2008) . The high amounts of litterfall suggest that this area of forest is relatively productive (Proctor et al., 1983) . However, in this forest, the large amount of litter on the soil may have suppressed plant density and species richness (Carson and Peterson, 1990) . Another important aspect is that although in tropical systems, senescence Table 3 Mean monthly organic inputs from the vertical (VI; N = 20), lateral (LI; N = 10) and terrestrial (TI; N = 6) litter compartments and benthic standing stock (SB; N = 5) (g/m 2 ; mean ± SE) for each plant species in a second-order reach of Zé Adao Stream, from December 2006 through November 2007. EG, ecological group (P = pioneer; C = climax; S = secondary; N/D = no data). Deciduousness (D) (evergreen; semideciduous; deciduous) and PD, plant density. occurs throughout the year, the largest leaf falls occurred in August, September and October, possibly due to water stress and phenological aspects of the vegetation (Franç a et al., 2009; Li and Dudgeon, 2011) . In our study, a litterfall from lateral movement provided about the same amount of leaf litter, in contrast to other studies (Afonso and Henry, 2002; Franç a et al., 2009) . The lateral input of detritus is often influenced by torrential rain, the wind, morphological characteristics of the stream margins, and animal movements. The largest lateral input of detritus into the Zé Adão stream occurred during a drought period, in agreement with observations by Gonç alves et al. (2006) . The peak of lateral input of detritus during this period may have been influenced by the association between the period of high leaf senescence and the steep slope of the streambanks (Webster et al., 1995) . There may have been large movements of organic matter caused by the pressure exerted by the large amounts of litter accumulated on the soil.
According to Cushing (1997) , the canopy and the understory both strongly influence the lateral entrainment of detritus. Afonso et al. (2000) found a similar effect in an experiment in the Atlantic Forest (10 g/m 2 /month without canopy and 35 g/m 2 /month with canopy). Our results showed that the understory did not retain litterfall, and a large amount of the litterfall was entrained by lateral input into the stream, compared with data from other tropical forests (Franç a et al., 2009 ). According to Weigelhofer and Waringer (1994) , the lateral litter input varied widely as a function of factors such as the slope of the streambanks (Wantzen and Junk, 2000) . The higher lateral transport of litter during the dry season suggests that local wind patterns were important (Benfield, 1997) . In other studies of the lateral movement of litter, Magana (2001) found no relationship between precipitation and the amount of litter transported, whereas Scarsbrook et al. (2001) found a significant positive correlation between precipitation and the lateral input of litter into streams. These differences likely result from variations in forest composition, bank topography and stream morphology (McClain and Elsenbeer, 2001) .
Patterns of benthic standing stocks are influenced by transport of organic matter from upstream flooding of the riparian zone, as well as lateral and vertical inputs (Xiong and Nilsson, 1997) . The species richness of leaf litter on the bed of Zé Adão stream largely reflected the composition of the litter inputs, dominated by G. guidonea, followed by F. insipida, F. glabra, A. leiocarpa and E. verna. The peak of benthic standing stocks in the late dry season probably resulted from the reduced water flow during this season, which would transport less organic matter downstream. The presence of massive trunks and branches in the smaller channel, despite their lower importance for energy and nutrition, greatly increased the habitat diversity, because these structures retain a large amount of leaf litter, allowing aquatic organisms to exploit this organic matter (Speaker et al., 1984) . Li and Dudgeon (2011) , working in Hong Kong streams, found that litter retention remained high over a sixday period in one of the streams, suggesting that litter would be readily available to detritivores during periods with a stable discharge, and that the scarcity of shredders must be ascribed to other factors.
Concluding remarks
The dynamics of litterfall in a second-growth Atlantic Rain Forest was strongly influenced by rainfall and by seasonal events such as strong winds at the end of the dry season. The annual litterfall contribution consisted mainly of leaves of G. guidonia, which demonstrates the high degree of dominance of energy flow by a single species (Celentano et al., 2010) . Replacement and reduction of primary forests by monocultures and/or anthropogenic impacts cause drastic changes in the riparian zone. Changing the amount and timing of litterfall, plus losses of diversity, and large reductions in leaves as an energy source for the aquatic community can potentially affect the nutrient balance. The biological implications of the dynamics of litterfall have great importance for the maintenance and restoration of riparian zones. However, the amount of litterfall required to maintain the balance of the riparian community remains unclear.
